The Drosophila melanogaster P-transposable element is an example of mobile DNA transferred horizontally and known to have spread globally over the last 50 -60 years. In Drosophila, the P-element causes a syndrome known as 'P -M hybrid dysgenesis' that obstructs normal ovary development in the female progeny of susceptible populations. Despite extensive research, the stability and global population dynamics of P-M dysgenic phenotypes remain poorly understood. Here, we report a recent and rapid transition in the P-M status of D. melanogaster populations from Ukraine. We demonstrate that these populations are currently dominated by the P 0 -cytotype characterized by active genomic P-elements and unknown from Ukraine just two decades ago. Our results suggest a recent invasion of the P-element in Ukraine, a pattern that matches recent discoveries from Turkey.
Introduction
A substantial portion of eukaryotic genomes is represented by transposable elements (TEs). TEs have colonized their host genomes at different times in the evolutionary history, some demonstrating very recent activity. The P-TE of Drosophila initially appeared in D. willistoni about 70 years ago [1, 2] . Within two decades it was found in Drosophila melanogaster all over the world [1] , spread by so far poorly understood mechanisms. When Drosophila females lacking genomic P-elements are mated to males containing active P-elements, the daughters can exhibit abnormally underdeveloped ovaries (gonadal dysgenesis, or GD), a trait characteristic of the genetic phenomenon called P-M hybrid dysgenesis (HD) [3] . The GD frequency has been extensively used as a marker for classifying the P-element-induced phenotypic status of populations within the so-called P-M system of HD [1, [4] [5] [6] [7] [8] [9] [10] .
In the P-M system, fly strains are classified into cytotypes that reflect the males' genetic capacity to induce GD in daughters when mated with P-elementsusceptible females. P-cytotype females strongly suppress P-elements and their female progeny were characterized by normal gonadal development. Resistance to GD is probably explained by inherent P-element copies in such females and their capability of generating either P-repressor proteins or Piwi-interacting RNAs (piRNAs) suppressing P-element activity [11, 12] . P 0 -strain males can induce GD when mating with susceptible females, but their females' F1 daughters lack resistance to P-element acquired from P-strain males. Q-strains are immune to GD regardless of their mate and do not induce GD when mating with succeptible mates, and M-strains can neither induce nor suppress the P-element-induced GD & 2018 The Author(s) Published by the Royal Society. All rights reserved. [3, 4, 13] . An M-strain carrying some (inactive) P-sequences in the genome is called M 0 to distinguish it from true M-strains that lack P-elements completely [14] .
Most populations of D. melanogaster, to the extent known, currently demonstrate stability of their P-M status. This equilibrium has been shown globally from eastern Australia [6, 15] to North America [1, 5, 16] , Eurasia, Australia, Japan and Taiwan [7] [8] [9] [17] [18] [19] . This stability is thought to follow initial P-element invasions that promote the development of P-and Q-cytotype, which later degrade to M 0 [9] . In Ukrainian populations, the M 0 -cytotype has been the only one reported for decades [1, 20, 21] , indicating that the P-element invaded the Ukrainian populations relatively early during its global spread (see electronic supplementary material, table S1 for historical data). A minor presence of the P 0 -cytotype was detected in 1980 near Uman', but the cytotype did not appear in later studies (electronic supplementary material, table S1); M 0 remained the only reported cytotype even in very recent screens [22] . In this study, we demonstrate that many populations of D. melanogaster from Ukraine are currently dominated by the P 0 -cytotype, indicating a recent rapid cytotypic transition that could have been caused by a new wave of P-element invasion. Our finding of a likely new P-element invasion in Ukraine is consistent with other recent findings from Turkey [10, 23] , indicating that P-element invasions are still ongoing over a wide front at the border of Eastern Europe and Western Asia. [24] , with an exception of Inkerman. Single gravid females were used to establish isofemale strains. For each population, isofemale strains collected from 1 year were used for analysis.
Material and methods (a) Sample collection
Fieldwork did not require prior permission.
(b) Gonadal dysgenesis phenotyping
Cytotypes were determined by the GD assay as described in [4, 20] . Three A (female Canton-S Â tested male) and three A* (tested female Â male Harwich) crosses (one female and one male) were made for each isofemale strain and 50 F1 females of each cross were dissected for gonadal status inspection. Both unilateral and bilateral ovary reduction were counted. The GD score for each isofemale strain was calculated as %GD ¼
where %GD 1 is the per cent of individuals with unilateral reduction, and %GD 2 -bilateral. P -M characteristics were defined as in [5] . The results of GD tests were plotted A %GD versus A* %GD, following [25] . On the day crosses were made, vials with the parental generation were set at 298C. All flies were kept on nutritious media consisting of water, agar, semolina, sugar and yeasts. Additional verification of results was performed on five isofemale strains by Nelson Lau at Brandeis University, USA. Both control Harwich and Canton-S strains were tested in both types of crosses between themselves, following the above-described standard protocol before being used in experiments in order to verify their quality as control strains in GD induction and repression abilities (data not shown).
(c) Calculation of the expected standard deviation of GD% 
Results
We determined the P-M status of seven populations from various locations in Ukraine by assaying GD in 241 isofemale strains (table 1 and figure 1; electronic supplementary  material, table S2) . The studied populations demonstrate the M 0 -and P 0 -cytotypes, while Q-and P-strains were not detected. The P 0 -cytotype dominated (overall 86%, or 207 of 241 isofemale strains) in all of the studied populations, except the one from Inkerman, which showed a roughly equal share of both cytotypes. To control for experimental bias, we also retested select isofemale strains from the Uman 0 Table 1 ) showed significant differences among populations (figure 1). The GD-inducing ability varied from 11.0% (Inkerman) tp 51.1% (Poliske) in A crosses of the GD test. However, in most populations, the GD rate ranged from 21.4 to 26.4%.
The greatest range in GD-inducing ability within a population was observed from Chornobyl (4-65%). The observed variance of %GD was substantially larger than expected based on %GD observed and sample size (table 1). Table 1 also illustrates similar discrepancies from the Chornobyl NPP and Poliske populations, the three being located in close proximity. These observations suggest high heterogeneity in the cytotype distribution for the region and the populations, which might reflect an ongoing transition. Interestingly, a similar large variance is observed in the Chornobyl population in the reverse A* cross (the P-element susceptibility/repression). Overall, the average susceptibility varied from 24.4% (Inkerman) to 84.5% (Kyiv) in A* crosses, being rather high (greater than 70%) in most populations. We did not detect strains with susceptibility below 10%.
Discussion
We analysed the P-M status of strains from seven natural populations of D. melanogaster from Ukraine, which included populations with deep histories of study, such as Uman 0 from
1966 [1] and Magarach (Crimea) from 1936 [1, 20, 21] . In our previous study in 2009, we had recently characterized the P-M status of nine populations from Ukraine and revealed only the M 0 -cytotype [22] , which was consistent with the cytotypes of other Drosophila populations from Europe [7] . However, this more recent study demonstrates that many current populations of D. melanogaster from Ukraine are now Figure 1 . Results of GD assays of isofemale strains from natural populations from Ukraine. The graphs present %GD for the populations for cross A (vertical axis) and cross A* (horizontal axis). Each dot represents an isofemale strain. The P -M status for various sectors of GD phenotypic space defined by A and A* crosses are according to Engels & Preston [4] and shown in (a). rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180184 dominated by the P 0 -cytotype. Interestingly, the P 0 -cytotype has recently been reported from Turkey [10] , which might indicate similar population processes.
As the P 0 -cytotype is characterized by the presence of active transposing copies of the P-element, it seems unlikely that active P-elements appeared de novo in Drosophila populations that were previously uniform in the M 0 -cytotype of these Ukranian strains. It is also notable that the current strains are P 0 -cytotype and not fully resistant to P-elements, perhaps because the strains have not yet reached an equilibrium with integrating enough P-elements to generate enough P-repressors or piRNAs. The P 0 -cytotype is sensitive to GD-inducing P-elements transferred by males, and we did not find P-element-resistant strains, as M 0 is also sensitive to GD. It is therefore unclear how the observed high proportion of P 0 -cycotypes is maintained in the populations, with one possible explanation being that the observed P 0 -cytotype is weak. Therefore, we conclude from our data in Ukraine and Turkey [10, 23] that new Drosophila P-elements have recently invaded and may be mediating a cytotype transition at the border of Eastern Europe and Western Asia. Ecology studies have examined the dispersal and migration ranges of Drosophila in the wild of North America, with estimates of up to 10 km in migration capacity before being limited by freezing climates [26] . However, fruit fly dispersal may be more strongly influenced by fruit trafficking by humans, where certain region-specific major changes in economic patterns might potentially perturb long-term population equilibria. Human migration patterns have continued to increase to Eastern Europe due to increased commerce as well as political conflicts.
Although our results contrast with earlier multiple studies indicating relative stability of the P-M phenotypic status among Drosophila [1, [4] [5] [6] [7] [8] [9] [10] , our data are consistent with other recent region-specific studies [10, 23] , indicating that global dynamics of P-elements in Drosophila populations may be undergoing sporadic transitions within generally stable backgrounds. Such transitions should reflect certain population trends in fruit flies as the likely vectors of the P-element spread. It will be interesting to conduct a future examination of P-element dynamics in Drosophila populations such as in Ukraine and Turkey to see if the current invasion of the P 0 -cytotype will remain stable or perhaps will further mature into the full P-cytotype, where females become fully immune to P-M GD.
We should also mention that a recent study has found indications that another TE, hobo, can also be involved in HD in D. melanogaster. However, the degree of its involvement and population-wise effects on HD in D. melanogaster
are not yet clearly understood [27] . While not considered previously in population-wise studies of HD, this element might represent a confounding factor in populations where both transposons are detected, which requires further investigation.
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